The effects of magnetic eld annealing on the micro-hardness and recrystallization microstructures in a cold-rolled pure copper sheet were studied. The results showed that the micro-hardness in the specimens subjected to magnetic eld annealing were higher than those annealed without the magnetic eld. There are signi cant differences in the microstructure during the recovery and early stage of recrystallization for the specimens annealed with and without the eld. Magnetic annealing leads to the retarded recovery and delayed primary recrystallization. This effect is attributed to the decreasing of stored energy, which provides the driving force for the recovery and early stage of recrystallization being retarded by the application of a magnetic eld in the cold-rolled pure copper sheets.
Introduction
There is a substantial body of experimental evidences that grain microstructure development in metallic materials during heat treatment subsequent to plastic deformation can be affected by applying an external magnetic eld on the materials [1] [2] [3] [4] [5] [6] . Most contributions in this eld are related to the magnetically affected recrystallization in ferromagnetic metals and alloys.
It was found that the application of magnetic eld could retard recrystallization in some ferromagnetic materials 3, 5) . Those retarding effects were attributed to the magnetically ordered state induced by the applied magnetic eld, and the interaction between realigned domain walls and lattice defects that prohibit both atom diffusion and grain boundary migration. Existence of alternative explanations for the same effects demonstrates our poor understanding of this subject. It seems dif cult to interpret such effects for ferromagnetic materials due to the simultaneous presence of few factors related to magnetic eld. Therefore, it is very promising to study microstructures of the magnetically annealed non-ferromagnetic materials bearing in mind that some effects may exist in both ferromagnetic and non-ferromagnetic materials with the application of magnetic eld.
However, only limited studies have focused on the annealing behaviour of non-ferromagnetic materials [7] [8] [9] [10] [11] [12] . Molodov 7, 8) revealed that annealing under a magnetic eld facilitated recovery of commercial aluminium alloy. Accordingly, subsequent recrystallization of the cold-rolled aluminium alloy (with paramagnetism) occurred at low temperatures. The observed phenomena are due to the spin-dependent interactions between dislocations and paramagnetic defects that may magnetically enhance the mobility of both dislocations and grain boundaries. Sheikh-Ali 11) observed the difference in micro-hardness at the nal stage of primary recrystallization for a cold-rolled pure copper sheet after annealing with and without a magnetic eld. He attributed the observation to the lower magnetic free energy of grains with higher dislocation densities, thus resulting in greater stability under the eld. However, the effect of high magnetic eld on the annealing behaviour of cold-rolled pure copper sheets with diamagnetism is still not clear, although much work has been done to study the effects of magnetic eld on diamagnetic materials. Therefore, in this work, the effects of magnetic eld on the recovery and recrystallization of cold-rolled pure copper sheets was investigated.
Experimental Procedures
The starting material used in this study is a pure copper sheet after 85% cold rolling. The chemical composition of the material is 0.26 wt% Mg, 0.19 wt% Si, and 99.55 wt% Cu. Specimens with a dimension of 20 mm × 10 mm × 1.2 mm were cut from the rolled metal sheet with the longitudinal direction parallel to the rolling direction. They were then subjected to isothermal annealing at different temperatures (160 C, 180 C, 200 C and 250 C) for 5 min in the absence and presence of a magnetic eld (12 T). A furnace installed within a cryocooler cooled super-conducting magnet at a heating rate of 5 C/min was used. After annealing, the specimens were cooled to room temperature in water. A platinum resistance temperature detector placed in the vicinity of the specimens was used for temperature control. The temperature during annealing was kept constant (the uctuation was within ±5 C). The specimens were placed in the zero magnetic force area of the applied eld with their rolling direction parallel to the magnetic eld direction.
The micro-hardness of the samples was measured across the thickness of the metal sheet using a Vickers indenter with 25 g load. The recrystallized microstructures as well as the individual grain orientations were characterized by using electron backscattered diffraction (EBSD) in a eld emission scanning electron microscopy (FE-SEM) of JEOL-7001F. The EBSD mapping was carried out over the area corresponding to 682 × 511 measured points with a 0.3 μm step size along the longitudinal section containing the rolling direction and the normal direction of the specimens. To obtain the statistical distribution of grain orientations, more than three areas with the total number of grains in excess of 2000 were mapped.
Results and Discussion
The variation of micro-hardness with annealing temperature is shown in Fig. 1 . From the gure we can see that the annealing process both with and without the magnetic eld leads to a decrease in the micro-hardness, which is typical for the recovery and recrystallization processes of cold-rolled pure copper sheets. However, the applied magnetic eld has considerable in uence on the micro-hardness below 250 C (523 K). Below that temperature, specimens annealed under a magnetic eld show higher micro-hardness values than those annealed without a magnetic eld. The micro-hardness values of the specimens annealed with and without the eld approach each other at 250 C (523 K). It is known that the micro-hardness signi cantly decreases during recovery and the early stage of recrystallization of the deformed metals. When recrystallization is essentially complete and grain growth starts, the value of the micro-hardness remains stable. The obtained results show that the magnetic eld applied has signi cant effects during the recovery and early stage of recrystallization of the cold-rolled pure copper sheet.
It is known that the variation of micro-hardness is closed related to the change in the microstructure of the specimens. Figure 2 shows the microstructures of the longitudinal sections of the specimens annealed at different temperatures for 5 min. In these OIM maps, both the rolling direction and the magnetic eld direction are horizontal. As Fig. 2(a) and (b) show, in the case of annealing at 160 C for 5 min, there are many deformation bands retained in both the specimens annealed with and without the eld, and only a limited number of recrystallized nuclei can be observed in the deformed matrix. It is obvious that compared with the specimens annealed without the eld, the microstructure of the specimens annealed in the presence of the eld is composed of fewer recrystallized nuclei and most of the deformed structure is retained. When the annealing temperature is increased to 180 C ( Fig. 2 (c) and (d) ), the number of retained deformed bands in the specimens annealed without the eld is much less than that annealed with the eld, and correspondingly, the number of recrystallized nuclei in the former is also much more than that in the latter. The observation is consistent with the results observed at 160 C. When the annealing temperature is increased to 200 C, many recrystallized grains appear in the specimens annealed with and without the eld, nevertheless, only a limited deformed structure (indicated by the white circles in Fig. 2 (f) ) can be observed in the specimens annealed with the eld. The observations indicate that the process of recovery and the early stage of recrystallization in the specimens annealed with the eld are slower than that without the eld. Moreover, the difference between them narrows with increasing annealing temperature. When the annealing temperature is 250 C, there exists almost no obvious difference in the microstructure between the two annealed specimens, and individual grain orientation measurements reveal that the mean grain size in both cases is equal and is about 5 μm.
The application of a magnetic eld shows considerable inuence on the microstructure at the early stage of recrystallization, but when recrystallization is essentially completes and grain growth starts, there is almost no signi cant difference in the microstructure between the specimens annealed with and without the eld. Since the nucleation process at the early stage of recrystallization is based on the local recovery of the deformed structure, the greater number of nuclei in the deformed structure shows that the local recovery of the deformed structure is faster. Figure 3 shows the maps of specimens with and without eld annealing under different annealing temperature, which identi ed according to recrystallized fraction function of Channel5 analysis software. The blue (bright colour), yellow (dark colour) and red colours (others) in the maps respectively represent the recrystallization regions, recovery regions and deformation regions. The Channel 5 software identi es the deformed, recovery and recrystallized regions based on the minimum mis-orientation angle (θc) which is a user-de ned parameter to de ne the subgrain. In the present study, we set up the minimum orientation angle to de ne a sub-grain being 2 and a grain being 10 . From the gure we can see that, with the increase of annealing temperature, the recrystallization regions was signi cantly increased while the deformation regions was reduce in both specimens with and without eld annealing. The quantitative comparison of the area percentage of recovery and recrystallized regions in the specimens annealed with and without the eld are shown in Fig. 4 (a) and (b) , respectively. The area percentage of recovery and recrystallized regions was obtained by the analysis of EBSD data. It is obvious that with the increase of annealing temperature, the area percentage of recrystallized regions gradually increases. Besides, the area percentage of the recrystallized regions in the specimens with the eld is less than that in the ones without the eld. The area percentages of the recrystallized regions in the specimens with and without the eld approach each other at 250 C (523 K). However, with the increase of annealing temperature, the area percentage of recovery regions in the specimens increases rstly and then decreases. When the annealing temperature is below 180 C (453 K), the area percentage of recovery regions in the specimens annealed with the eld is less than that in the corresponding specimens without the eld. From the microstructure in Fig. 2 (a)-(d) one can see that, when the specimens are annealed at low temperatures (below 180 C), there are many deformation bands retained in the both specimens, annealed with and without the eld. The recovery and recrystallized regions continuously replace the deformed matrix and the area percentage of recovery and recrystallized regions increases with the increasing annealing Fig. 1 Variation of micro-hardness with increasing annealing temperature.
temperature. When the annealing temperature is between 180 C and 250 C, the deformed matrix almost disappeared. The recrystallized grains grow up by consuming the neighboring recovery matrix. Therefore, the area percentage of recovery regions in the specimens decreases with the increasing annealing temperature. Moreover, the area percentage of recovery regions in the specimens annealed with the eld is larger than that in the corresponding specimens annealed without the eld.
Based on the above results, we conclude that the effects of magnetic eld on the micro-hardness and microstructure during the recovery and early stage of recrystallization are remarkable. The higher micro-hardness can be understood as a result of the higher residual dislocation density, which consisted of fewer nuclei in the deformed structure under magnetic eld annealing. Since the fundamental processes of the recovery and early stage of recrystallization are due to the decrease in dislocation density and the formation of recrystallized nuclei, the observed results indicate that magnetic annealing led to retarded recovery and delayed recrystallization.
The driving force for the recovery and early stage of recrystallization is provided by the stored energy, which arises from the defects introduced from the prior deformation. In the case of the cold-rolled metals, point defects as well as dislocations are formed during deformation. However, as most of the point defects will annihilate at low temperatures, this does not usually constitute a separately identi able stage of the recovery for a cold worked metal and thus is not considered here. So, the driving force for the recovery and early stage of recrystallization is provided by the dislocation density intro- duced from the prior deformation. The processes of recovery and early stage of recrystallization are due to the thermally activated motion of dislocations, which leads to their rearrangement and mutual annihilation. The result is a lower dislocation density, which leads to the decrease of stored energy and the formation of new strain-free grains in certain parts of the specimen. When a high magnetic eld is applied during the annealing process, magnetic free energy added to the system free energy. The magnetic free energy can be calculated using the following equation 13) :
where χ is the susceptibility of grain. μ 0 is the permeability of vacuum, and H is the eld strength. According to eq. (1), the magnetic free energy is related to the susceptibility. Previous research 14, 15) has shown that the magnetic susceptibility of pure copper with diamagnetisme is structurally sensitive. The cold worked pure copper has lower diamagnetic susceptibility than that after annealing. Thus, the grains with high density of dislocations show lower diamagnetic susceptibilities than those dislocation-free grains. Moreover, the corresponding magnetic free energy of grains with dislocations should be lower than the energy of new recrystallized grains. According to the minimum rules of system energy 16) , the application of magnetic eld during annealing would retard the decrease of dislocation density introduced from the prior deformation. The formation of regions with low density of dislocations or free dislocations would become dif cult during the recovery and early stage of recrystallization. Therefore, magnetic annealing leads to retarded recovery and delayed primary recrystallization.
According to the above discussion, the application of magnetic eld would retard the decrease of dislocation density during the recovery and early stage of recrystallizatioin. As shown in the current research, the value of micro-hardness in the specimens annealed with the eld is higher than that without the eld below 250 C. Compared to the specimens annealed without the eld, the microstructure of the specimens annealed with the eld is composed of fewer recrystallized nuclei during the recovery and early stage of recrystallization (as shown in Fig. 2 ). The recovery in pure copper is retarded when a high magnetic eld is applied during annealing, which leads to the delayed recrystallization of the material. Therefore, the recrystallization kinetics is substantially retarded by the application of a magnetic eld for metals with diamagnetism.
When recrystallization is essentially complete and grain growth starts, the driving force for grain growth is not the store energy provided by the dislocation density introduced from the prior deformation. The effect of magnetic eld on the microstructure is not obvious. As shown in Figs. 1 and 2 , the difference in the micro-hardness and microstructure between the specimens annealed with and without the eld gets narrower with increasing annealing temperature. When the recrystallization is essentially complete and grain growth starts, there exists almost no obvious difference in the micro-hardness and microstructure for both the annealed specimens.
Conclusions
It is demonstrated that an applied magnetic eld has considerable in uence in the micro-hardness and microstructure of pure copper sheets during the recovery and early stage of recrystallization process. The micro-hardness of the specimens annealed with the eld is higher than those annealed without the eld. Compared with the specimens annealed without the eld, the microstructure of the specimens annealed with the eld is composed of fewer recrystallized nuclei during the recovery and early stage of recrystallization. The observation can be understood as a result of enhanced dislocation density left under the magnetic eld annealing. The release of stored energy, which provides a driving force for the recovery and early stage of recrystallization, would be retarded by the application of a magnetic eld in the coldrolled pure copper sheets. Then, the recovery of pure copper during annealing is retarded with the application of high magnetic eld, which leads to the delayed recrystallization of the material.
